Transitional states are obtained by exercising a model of multicomponent-liquid ͑MC-liquid͒ drop evaporation in a three-dimensional mixing layer at larger Reynolds numbers, Re, than in a previous study. The gas phase is followed in an Eulerian frame and the multitude of drops is described in a Lagrangian frame. Complete dynamic and thermodynamic coupling between phases is included. The liquid composition, initially specified as a single-Gamma ͑SG͒ probability distribution function ͑PDF͒ depending on the molar mass, is allowed to evolve into a linear combination of two SGPDFs, called the double-Gamma PDF ͑DGPDF͒. The compositions of liquid and vapor emanating from the drops are calculated through four moments of their PDFs, which are drop-specific and location-specific, respectively. The mixing layer is initially excited to promote the double pairing of its four initial spanwise vortices, resulting into an ultimate vortex in which small scales proliferate. Simulations are performed for four liquids of different compositions, and the effects of the initial mass loading and initial free-stream gas temperature are explored. For reference, simulations are also performed for gaseous multicomponent mixing layers for which the effect of Re is investigated in the direct-numerical-simulation-accessible regime. The results encompass examination of the global layer characteristics, flow visualizations, and homogeneous-plane statistics at transition. Comparisons are performed with previous pretransitional MC-liquid simulations and with transitional single-component ͑SC͒ liquid-drop-laden mixing layer studies. Contrasting to pretransitional MC flows, the vorticity and drop organization depend on the initial gas temperature, this being due to drop/turbulence coupling. The vapor-composition mean molar mass and standard deviation distributions strongly correlate with the initial liquid-composition PDF. Unlike in pretransitional situations, regions of large composition standard deviation no longer necessarily coincide with those of large mean molar mass. The rotational and composition characteristics are all liquid-specific and the variation among liquids is amplified with increasing free-stream gas temperature. The classical energy cascade is found to be of similar strength, but the smallest scales contain orders of magnitude less energy than SC flows, which is confirmed by the larger viscous dissipation for MC flows. The kinetic energy and dissipation are liquid-specific and the variation among liquids is amplified with increasing free-stream gas temperature. The gas composition, of which the first four moments are calculated, is shown to be close to, but distinct from, a SGPDF. Eulerian and Lagrangian statistics of gas-phase quantities show that the different observation framework may affect the perception of the flow.
I. INTRODUCTION
Sprays in combustion devices are used as the means to increase the surface area of the injected liquid and enhance evaporation and combustion. Virtually all fuels used in such practical devices are of petroleum type, being complex mixtures of hundreds to thousands of chemical species. While some of these species may be present in the liquid in minute concentrations, their importance may be totally disproportionate to their concentration with regard to ignition, pollution or deposition, and corrosion. Despite its relevance, the complete multicomponent aspect of the fuel, beyond the landmark binary-species model of Landis and Mills 1 that was adopted by many others ͑too many papers to be cited͒, has not received the well-deserved attention it merits until recently. Realizing the impossibility of accounting for each individual species as an element of a discrete set, which was the initial approach 1 adopted by many investigators, a statistical approach has recently been developed-a methodology that is much more attuned to large ensembles of variables. All MC-liquid statistical approaches have been based on continuous thermodynamics ͑CT͒ concepts. The CT theory 2, 3 includes an appropriate representation of the chemical potential for a mixture containing numerous components and in- volves a derivation of the Gibbs function through molecular thermodynamic methods in terms of the probability distribution function ͑PDF͒ describing the mixture composition. The concepts are fundamental and independent of the physicochemical model chosen for the chemical potential. From a specified initial composition PDF, the evolution of the mixture is determined by the physics of the situation encapsulated into thermodynamic relationships and/or conservation equations. Although the composition PDF generally depends on many variables, it can be tailored to depend on one or a restricted number of variables. For example, it was shown, 2,4-6 with validation, that the single-Gamma PDF ͑SGPDF͒ depending on the molar mass, m, can represent an entire homologous species class of hydrocarbons. Cotterman et al. 2 have used thermodynamic relations to show that during evaporation, the same mathematical form of the PDF applies in the gas phase as in the liquid from where the vapor originates. The flexibility of the CT approach in terms of the PDF mathematical form and of the choice of the PDF variable͑s͒ makes it very attractive.
Tamim and Hallett 7 and Hallett 8 have pioneered the application of CT concepts to the study of a MC-liquid drop using a SGPDF. Their model has been adopted in practical simulations of spray combustors, 9 in Direct Numerical Simulation ͑DNS͒ of a transitional mixing layer having a lower stream initially laden with a large number ͓e.g., O͑10
6 ͔͒ of drops, 10 and even to atmospheric-science hydrocarbonpartitioning studies. 11 The SGPDF model has also constituted the point of departure for the development of models with an increasing range of application. [12] [13] [14] Specifically, Harstad et al. 14 have shown that the SGPDF model depending on m, while appropriate for slow evaporation in fuel-unvitiated surroundings, cannot describe even qualitatively evaporation under high-temperature or in fuel-vitiated conditions. Instead, a double-Gamma PDF ͑DGPDF͒ has been proposed, which when exercised for single drops compared excellently for most conditions with the results from a discrete-species model based on a 32-species representation. The flexibility of the statistical representation was manifested once more in the DGPDF model that was shown to fit all three preponderant homologous classes of Jet A, RP-1, and JP-7 petroleum fuels with only a single DGPDF when the PDF dependence is on ͱ m instead of on m. 13 The recent pretransitional DGPDF DNS study of Le Clercq and Bellan 15 expanded on the previous SGPDF study of Le Clercq and Bellan 10 of the same mixing layer configuration: the DGPDF representation enables attainment of a higher evaporation regime, and thus the results have increased relevance to the realistic high-temperature regime of combustors. Both single component ͑SC͒ and SGPDF MCliquid representations fail in such regime. Compared to previous studies, 10, 15 the present DNS investigation accesses a higher-temperature turbulent-gas regime that is closer to that of real combustors, despite the fact that the initial gas temperature, T 0 ͑subscript 0 denotes the initial condition͒, is still very much lower than in combustors. This lower T 0 value is dictated by the requirement to match the drop characteristic time to that of the flow, which in this transitional regime is much larger than that of fully turbulent flows, known to be inaccessible in DNS. The focus of this study is on the effect of the drop/flow interaction, which exists only as long as the drop has not entirely evaporated. Thus, the interaction characteristic time is influenced by the liquid volatility, the initial drop size, the initial gas composition, the relative difference between T 0 and the initial drop temperature T d,0 , and the relative difference between T d,0 and the liquid boiling temperature which for MC-liquid drops evolves with time as the liquid composition changes. To aid the unified understanding of MC turbulent flows, simulations are performed here both for single-phase ͑SP͒ MC flows, where the effect of the initial Reynolds number, Re 0 , is investigated in the DNSaccessible regime, and for two-phase ͑TP͒ MC flows, where the effect of the initial mass loading, ML 0 , and higher T 0 are explored with the same model. This investigation is conducted within the framework of the DNS methodology wherein all scales of the flow are resolved. Originally devised for SP flows, DNS for TP flows with particles that are much smaller than the Kolmogorov scale and which have a volumetrically small loading ͑Շ10 −3 ͒ was enabled by the results of Boivin et al. 16 showing that the drops can be treated as point sources of mass, momentum, and energy from the gas-phase perspective. It is thus appropriate to perform TP simulations using a gas-phase resolution that is adequate for SP flow by following the gas phase in an Eulerian frame and tracking the drops in a Lagrangian frame. The terminology DNS, while not strictly accurate, is traditionally applied to such simulations, and several recent studies have used this DNS methodology. [16] [17] [18] [19] [20] [21] This paper is organized as follows. In Sec. II, the conservation equations are briefly recalled from the detailed model developed by Le Clercq and Bellan. 15 Next, the configuration, boundary conditions, and the numerics are presented in Sec. III. Section IV is devoted to a description of the results, encompassing the global layer characteristics, flow visualizations, homogeneous-plane statistics, dropensemble probabilities, and a dissipation analysis. Comparisons with the SC DNS study of Okong'o and Bellan 20 and with the pretransitional DNS investigation of Le Clercq and Bellan 15 are also discussed. The results are summarized in Sec. V and future study directions are stated.
II. CONSERVATION EQUATIONS
The model of Ref. 15 is adopted wherein the MC liquid composition and gas composition in the vicinity of the drop surface are described by P͑m;␣ 1 ,␤ 1 ,␣ 2 ,␤ 2 ,͒ = ͑1 − ͒f ⌫ ͑1͒ + f ⌫ ͑2͒ , ͑1͒
where f ⌫ ͑k͒ = f ⌫ ͑m ; ␣ k , ␤ k ͒ with integer k =1,2, is a weighting parameter ͑0 ഛഛ1͒, ͐ ␥ ϱ P͑m͒dm = 1, and
where ⌫͑␣͒ is the Gamma function and f ⌫ ͑m͒ is a SGPDF. The origin of f is specified by ␥ ͓P͑m ; ␣ 1 , ␤ 1 , ␣ 2 , ␤ 2 , ͒ was developed in Ref. 14 with ␥ 1 = ␥ 2 = ␥͔, and its shape is determined by ␣ and ␤. At each time t, P͑m ; ␣ 1 , ␤ 1 , ␣ 2 , ␤ 2 , ͒ is determined by the vector ϵ͑␣ 1 , ␤ 1 , ␣ 2 , ␤ 2 , ͒. According to
Harstad et al., 14 P can be determined by an inverse mapping from its first four moments, n , where integer n ͓1,4͔, with a fifth parameter empirically calculated. These moments are defined as
for integer n ജ 1, where subscripts l and v denote the liquid and vapor, respectively. Although in the vicinity of each drop surface the vapor composition is represented by P v according to Eq. ͑1͒, away from the drops the mathematical form of P v is determined by the vapor released from the drops and by gaseous mixing. At each t, P l describes the liquid-fuel composition, which is specific of each drop, and P v describes the vapor composition, which varies with spatial location. Throughout this paper, we adopt the notation ϵ 1 and ϵ 2 , and the standard deviation of P is calculated as = ͱ ͑ − 2 ͒. Also following Ref. 14, one can define n SGPDF as being the moments of a SGPDF that would have the same 1 and 2 values as a specified P. Thus, "excess moments" of any PDF P with respect to the SGPDF that has the same and as P are defined by n Ј ϵ n − n
SGPDF . ͑4͒
By definition, 1 Ј= 2 Ј= 0 and a DGPDF then corresponds to n Ј 0 for n ജ 3. Deviation of any PDF from the equivalent SGPDF decreases with decreasing ͑ n Ј/ n SGPDF ͒.
A. Gas-phase equations
The gas is followed in an Eulerian frame, and the generic conservation equations for continuity, momentum, energy, species, and PDF first four moments ͑ v , v , 3v , 4v ͒ representing the composition are
where
is the vector of the conservative variables,
is the diffusional flux vector corresponding to ⌽, and S = ͕S mole ,S mom,i ,S en ,S mole ,S mass ,S ,S 3 ,S 4 ͖ ͑ 8͒
is the source term vector of components S r associated with ⌽. In Eqs. ͑5͒-͑7͒, c is the molar density, x i is the ith spatial coordinate, u is the mass-averaged velocity, X is the mole fraction, m = v X v + m a ͑1−X v ͒ is the molar mass, where m a is the carrier gas molar mass ͑subscript a denotes the carrier gas͒, D is an effective diffusion coefficient defined by Harstad and Bellan 13 as the proportionality coefficient between the vapor mass flux and cm ٌ ͑X v / m͒, p is the pressure, ij is the viscous stress tensor, ␦ ij is the Kronecker symbol, e t = e k + e int = u i u i /2+h − p / is the total energy of the gas, = mc is the mass density, h is the enthalpy, is the thermal conductivity, and T is the gas temperature. The last three terms in the heat flux of the energy equation are the portion due to transport of species by the molar fluxes; the detailed expressions for ␣ 1 ͑T͒, ␣ 2 ͑T͒, and ␣ 3 are presented in the Appendix. The source vector arises from the coupled interaction of drops and gas, and is presented in Sec. II C.
The perfect gas equation of state
where R u is the universal gas constant, closes the system of gas-phase equations.
B. Drop equations
Each drop is individually simulated and the liquid massdensity, l , is assumed constant although the liquid molardensity, c l , may vary. Because / l = O͑10 −3 ͒, the gas phase is quasisteady with respect to the liquid phase, 22 and due to the relatively small value of T 0 compared to that in combustors, the evaporation rate is relatively low ͑verified in Le Clercq and Bellan 15 ͒ so that the assumption of uniform internal drop properties is justified. The Lagrangian conservation equations for each drop position , velocity v, energy,
͑V and D represent volume and diameter, and the subscript d denotes the drop͒, and composition are
for integer n = ͓1,4͔, where the gas phase at the drop location, interpolated from the Eulerian solution, acts as the drop far field.
is the particle time constant for Stokes flow; T d is the drop temperature; C l is the liquid heat capacity at constant pressure; A = D 2 is the drop-surface area; is the viscosity of the carrier gas; Pr= C p / ͑m͒, where C p is the gas heat capacity at constant pressure, and Scϭ / ͑D͒ are the Prandtl and the Schmidt numbers, respectively; and l = c l l . The Nusselt, Nu, and the Sherwood, Sh, numbers are semiempirically modified using the Ranz-Marshall correlations, accounting for convective heat and mass transfer effects, 23 with the similarity assumption Nu= 2 + 0. 
where 15 and the superscript ͑s͒ denotes the drop surface. At this surface, the classical boundary conditions of temperature equality and mass, species, momentum, and energy flux conservation apply. 22 Under the ideal-mixture assumption, Raoult's law relates the drop and gas PDFs,
where p atm = 1 atm, and L v ͑m͒ and T b ͑m͒ are the latent heat and the normal boiling point, correlated as functions of m by Harstad et al. 14 using Trouton's law,
and
where A b = 241.4 and B b = 1.45 for T b in K ͑see Appendix A of Le Clercq and Bellan 15 for more details͒. Thus, the drops move throughout the flow according to the Lagrangian equations ͓Eqs. ͑10͔͒ while heating ͓Eq.
͑11͔͒, losing/gaining mass ͓Eq. ͑12͔͒, and changing composition ͓Eq. ͑13͔͒. The thermodynamics at each drop surface, i.e., evaporation versus condensation for the species having molar mass m, is governed by Raoult's law, Eq. ͑16͒. That is, during its lifetime, each drop will encounter a gas-phase composition that is different from that which would have been expected had it remained in the gas resulting from its own evaporation, and it is this reality that produces the condensation of certain species onto the drop. No new drops are formed through homogeneous ͑Ref. 24͒ or heterogeneous nucleation.
C. Source terms
The source-term-vector components of Eq. ͑8͒ are
where N = M d / l is the number of moles in the drop, N is the number of drops, and the summation in Eq. ͑19͒ is over all drops residing within a local numerical discretization volume, ⌬V q . Following previous methodology, 15, 20, 23 a geometric weighting factor w q distributes the individual drop contributions to the nearest eight grid points in proportion to their distance from the drop location. Le Clercq and Bellan 10 explained that because convective effects dominate the species flux term, differential species diffusivity is negligible for MC flows in species transport from the drop location to the grid nodes.
III. CONFIGURATION, BOUNDARY AND INITIAL CONDITIONS, AND NUMERICS
The three-dimensional ͑3D͒ mixing layer configuration is displayed in Fig. 1 respond to the streamwise, cross-stream, and spanwise directions, respectively. The velocity difference across the layer is ⌬U 0 =2U 0 and its mathematical form is prescribed using an error-function profile 23 having a width given by the initial vorticity thickness ␦ ,0 = ⌬U 0 / ͗‫ץ‬u 1 / ‫ץ‬x 2 ͘ ͓͗͘ denotes averaging over homogeneous ͑x 1 , x 3 ͒ planes͔. A perturbation is imposed on the vorticity field to promote roll-up and pairing. 23, 25, 26 The forcing wavelengths in the x 1 and x 3 directions are l 1 and l 3 , and their amplitudes with respect to the circulation are 10% and 2.25%, respectively. The evolution of the layer comprises two pairings of the four initial spanwise vortices to form an ultimate vortex in which small scales may proliferate if the Reynolds number is high enough. The dimensions of the domain are L 1 =4l 1 ͑=29.16␦ ,0 = 0.2 m͒, L 2 = 1.1L 1 , and L 3 =4l 3 = 0.6L 1 .
The gas-phase initial condition is specified by six parameters: T 0 ; the free-stream pressure p 0 ; Re 0 = a,0 ⌬U 0 ␦ ,0 / , where a,0 is the initial carrier gas ͑air͒ mass-density and is calculated from the specified value of Re 0 ; the Mach number M c,0 based on the carrier gas initial speed of sound a a,0 
for all TP simulations ͑this non-null value is realistic in that it simulates drop evaporation in vitiated air, as occurs in engines͒; and the specification of the free-stream vapor composition, which for each liquid is found from a single-drop simulation in air at the specified T 0 by choosing it to be the first-time-step surface-vapor composition. For SP simulations, either X v,0
u , in which case there is no mass flux between streams, or X v,0 l =10 −1 so as to create a vapor mass flux between the two streams; the value of 10 −1 approximately corresponds to the average lower-stream value encountered at transitional states in TP simulations. The free-stream velocity U 0 = M c,0 a a,0 is calculated from the specified value of M c,0 . The thermal conductivity and diffusivity ͑both constant͒ are computed using the value of and specified values of Pr= Sc, 0.696 at T 0 = 375 K and 0.694 at T 0 = 400 K, calculated as in Ref. 27 . The vapor heat capacity at constant pressure, C p,v , is calculated as in Appendix A of Le Clercq and Bellan. 15 Table  I lists all initial conditions and defines a baseline simulation; in addition to the Re 0 = 500 and 600 simulations performed here, the table also lists some Re 0 = 200 computation conditions of Le Clercq and Bellan, 15 as the present results will be compared to those of the listed pretransitional simulations. The initial mass loading, ML 0 , defined as the ratio of the initial liquid mass to that of the gas in the lower stream, is null for SP simulations and 0 Ͻ ML 0 Ͻ 1 for TP simulations. For TP computations, the Re 0 = 500 simulations were close to the limit of the memory capacity of the computational platform ͑the ML 0 = 0.5 simulation was almost at the memory limit͒, preventing TP simulations at higher Re 0 .
In the TP simulations, only the lower stream of the mixing layer ͑x 2 Ͻ 0͒ is initially laden with drops, which are randomly distributed with a uniform number density and have at t = 0 a null slip velocity with respect to the gas. The mean drop number density profile is smoothed near the centerline, x 2 = 0, using an error-function profile. The initial conditions for the drops are specified by T d,0 , which is uniform, with T d,0 Ͻ T 0 and a selected value of ͑T 0 − T d,0 ͒ to ensure that the drop/flow interaction is captured over the entire layer evolution with a substantial number of drops remaining in the simulation at all times ͑for the chosen T d,0 = 345 K, these conditions were conservatively satisfied for all liquids when 
Case
Fuel
Diesel 15 four fuels are considered as practically significant examples of liquids, namely diesel, Jet A, RP-1 and JP-7, whose initial composition, 29 provided as a mole fraction versus the carbon number by Edwards, 30 was fitted in PDF form by Harstad and Bellan.
13 Table I lists the mean and standard deviation of the initial liquid PDF, P l,0 , which is assumed to be a SGPDF to enable the examination of the potential deviation from its initial SGPDF form. The boundary conditions in the x 1 and x 3 directions are periodic, and adiabatic slip-wall conditions in the x 2 direction previously derived 31, 32 were adapted by Le Clercq and Bellan 15 to the DGPDF CT model for MC mixtures ͑see Appendix B of Le Clercq and Bellan 15 ͒. Drops reaching the slip walls are assumed to stick to them and are otherwise followed using the drop equations of Sec. II B.
The equations displayed in Sec. II A were solved using an eighth-order central finite-difference discretization in space and a fourth-order Runge-Kutta for temporal advancement. To mitigate potential numerical instabilities for long CPU time simulations, following Kennedy and Carpenter, 33 a tenth-order filtering for spatial derivatives was used ͑except in a half-filter-size band located at the lower and upper x 2 boundaries͒ at every time step. This filtering introduces a small amount of dissipation that serves only to stabilize the computations for long-time integrations, but since it acts only on the shortest waves that can be resolved on the grid, it does not act as a turbulence model and thus does not allow under-resolved computations ͑see Ref. 20͒. The time step was controlled by the CFL number. The grid size is listed in Table I͒ ensures that numerical diffusion induced by distributing the Lagrangian source terms at the Eulerian nodes is negligible. A fourthorder Lagrange interpolation, I, was used to obtain gasphase variable values at drop locations. Drops with a mass that decreased below 3% of the initial mass M d,0 were removed from the calculation; for the conditions of this study, few drops fell below 3% of M d,0 ͑at the two extremes are diesel simulations, where no drops disappeared, and RP-1 at T 0 = 400 K, where 9.8% of drops disappeared by transition͒ and mass was conserved in the system to a maximum relative error of 5 ϫ 10 −5 .
IV. RESULTS
A. Global layer evolution Figure 3 illustrates the global growth, mixing, and rotational characteristics of the layers. Growth is measured by the momentum thickness, ␦ m , at t * = 98 for ML 0 =0 ͑unless otherwise stated, the ML 0 =0 simulations considered are those with X v,0 l =10 −1 so as to approach as close as possible the ML 0 0 simulations in terms of species mass transfer͒ independent of Re 0 , at t * = 103 for all ML 0 = 0.2 computations, and at t * = 106 for the ML 0 = 0.5 simulation. The delay of the second pairing with increasing ML 0 is explained by the increasing total mass that must be entrained as the layer grows. For all ML 0 = 0.2 computations shown in Fig. 3͑b͒ , ␦ m / ␦ ,0 peaks at t * = 103 showing independence of liquid composition; similarly, there seems to be independence of T 0 ͓Fig. 3͑a͒ and information not shown͔. The ␦ m / ␦ ,0 peak does not necessarily correspond to the transition time, t tr * , defined as that occurring when the energy spectra ͑discussed below͒ first exhibit classical turbulence characteristics. In Table II forcing that has a relatively weaker influence on the highest ML 0 value layers; that is, SP flows do not behave merely as a simple limit of TP flows. Although a small variation, at T 0 = 375 K the value of Re m,tr increases with increasing mean liquid molar mass, which is attributed to the decreased liquid volatility and consequently to the larger residual drop mass that promotes turbulence through drop/flow interactions. At T 0 = 400 K, the three kerosenes have similar Re m,tr values, which are distinctively smaller than that for diesel, showing that liquid-specificity effects increase with larger T 0 . Therefore, the growth of the layer seems insensitive, but the global transitional characteristics seem mildly sensitive to the liquid identity.
Growth and dynamics
The plot of M G / M G,0 in Figs. 3͑c͒ and 3͑d͒ , where M G is the gas-phase mass, gives a direct measure of global mass evolution. Expectably, no change in the initial amount of vapor occurs when ML 0 = 0, but either an increase in ML 0 or in T 0 results in an augmentation in M G / M G,0 , as shown in Fig. 3͑c͒ . The major augmentation occurs before roll-up, after which M G / M G,0 increases more gradually and at generally similar rates for all diesel simulations, independent of ML 0 or T 0 values. However, the augmentation in M G / M G,0 occurs during the early time before roll-up for the larger ML 0 and during the late time before roll-up at the higher T 0 , and is a much stronger function of T 0 than of ML 0 . The strongest parameter influencing M G / M G,0 is the fuel composition, as depicted in Fig. 3͑d͒ . Compared to diesel, the more volatile kerosenes evaporate at a much larger rate during roll-up, and they continue to increase the vapor in the gas phase at a slightly higher rate than diesel even during the remaining layer evolution.
Figures 3͑e͒-3͑h͒ display the rotational characteristics of the layer: the positive spanwise vorticity, ͗͗ 3 + ͘͘␦ ,0 / ⌬U 0 , which is initially null and measures the small-scale activity, in Figs. 3͑e͒ and 3͑f͒, and the enstrophy, ͗͗ i i ͘͘ ϫ͑␦ ,0 / ⌬U 0 ͒ 2 , which is related to stretching and tilting and represents an important mechanism for turbulence production, 35 in Figs. 3͑g͒ and 3͑h͒; ͗͗͘͘ denotes averaging over all grid points. The results show that the variation with Re 0 and ML 0 of both ͗͗ 3 + ͘͘␦ ,0 / ⌬U 0 and ͗͗ i i ͘͘ ϫ͑␦ ,0 / ⌬U 0 ͒ 2 emulates the SC-liquid results discussed in detail by Okong'o and Bellan. 20 Up to the layer roll-up, corresponding to t * Ϸ 20, the enstrophy displays little variation. Entrainment and pairing quickly produce enstrophy, and a steep increase in ͗͗ i i ͑͘͘␦ ,0 / ⌬U 0 ͒ 2 is observed that is more pronounced with larger Re 0 ͑a larger Re 0 naturally produces more flow distortion͒ and more subdued with increasing ML 0 ͑a larger ML 0 means that more mass must be entrained, which delays enstrophy production͒. As t * increases, a small plateau in the magnitude of ͗͗ i i ͑͘͘␦ ,0 / ⌬U 0 ͒ 2 is encountered indicative of the first pairing, after which the enstrophy increases again and exhibits a peak at the second pairing. For ͗͗ 3 + ͘͘␦ ,0 / ⌬U 0 , the time of the major peak seems independent of Re 0 for the SP layers; the peak is delayed with increasing ML 0 indicating the well-known stabilizing effect of small drops on a flow; and the value at the peak increases with Re 0 and ML 0 , this being attributed to the enhanced small-scale formation at larger Reynolds numbers and the increased source of vorticity represented by a larger liquid mass ͑S mom represents a source term in the vorticity equation͒, respectively. For all simulations, ͗͗ i i ͘͘ ϫ͑␦ ,0 / ⌬U 0 ͒ 2 exhibits a peak earlier than ͗͗ 3 + ͘͘␦ ,0 / ⌬U 0 , similar to the observations of Okong'o and Bellan. 20 Because the transitional time, t tr * , has similar values for all simulations ͑100 for all MC TP, 110 and 120 for SP Re 0 = 500 and 600͒, and given the peaking delay of TP with respect to SP simulations, the enstrophy at t tr * is reduced in SP cases with respect to TP ones. Variation of the enstrophy from its initial value is associated with the classical energy cascade that, unlike in two-dimensional flows, occurs in 3D flows, 35 and thus the ͗͗ i i ͑͘͘␦ ,0 / ⌬U 0 ͒ 2 relative magnitude with respect to the initial conditions is directly associated with the strength of the energy cascade. Viewed in this perspective, the fact that for the same initial conditions both SC SP and SC TP results of Okong'o and Bellan 20 ͓their Fig. 3͑h͔͒ display a similar magnitude ͗͗ i i ͑͘͘␦ ,0 / ⌬U 0 ͒ 2 peak to the corresponding MC SP and MC TP simulation means that the energy cascade is of similar strength for SC and MC flows. Whether for ͗͗ 3 + ͘͘␦ ,0 / ⌬U 0 in Figs. 3͑e͒ and 3͑f͒ or for
Figs. 3͑g͒ and 3͑h͒, T 0 and the liquid composition seem to have a negligible effect on the global rotational characteristics.
The peculiarities of energy transfer among scales in MC flows ͑of which the stretching and tilting activity represented by the enstrophy is only one manifestation͒ are embodied in the energy spectra depicted in Fig. 4 at t tr * . Both the streamwise spectra in Fig. 4͑a͒ and the spanwise spectra in Fig.  4͑b͒ , shown as an example for u 1 and for selected simulations, exhibit a smooth behavior characteristic of turbulence ͓the peak observed in Fig. 4͑b͒ is at the forcing frequency͔ and no accumulation of energy at the smallest scales, which indicates excellent spatial resolution. At the same Re 0 , SP spectra have less energy in a given wavenumber than TP flows, which is attributed to their reduced vortical characteristics at t tr * ͓Fig. 3͑a͔͒. The enhanced energy in the TP spectra is accentuated at the smallest wavenumber ͓Figs. 4͑c͒ and 4͑d͒, i.e., the decay rate is different in SP and TP cases͔, portraying the increased vortical features of TP flows at the small scales resulting from the source terms in the vorticity equation. The fact that at the smallest scale TP flows have more than two orders of magnitude more energy than SP flows is examined in more detail in Sec. IV D using higherorder measures. Increasing Re 0 produces a SP flow with an increased range of large wavenumbers, as expected, while increasing ML 0 increases the energy at the smaller wavenumbers and imperceptibly decreases the energy at the largest wavenumbers indicating a larger dissipation, a fact confirmed by the dissipation budget analysis of Sec. IV D. There is no sensitivity to T 0 and to the fuel composition. sidering the lack of energy accumulation at the smallest scales in Fig. 4 , confidence that the qualitative nature of the above results is independent of our grid size is provided by the grid resolution studies of Vreman, 36 in which simulations on three different grids provided the relevant flow properties within 2% deviation across grids for an Eulerian-Lagrangian model similar to ours.
The kinetic energy of the flow, E kG = ͐ domain ͑u i u i /2͒dV, illustrated in Fig. 5 as a fraction of its initial value, is insensitive to the Re 0 magnitude, while increasing ML 0 or T 0 promotes an initial augmentation of E kG , and for ML 0 it eventually leads to a larger decay at t tr * , while for T 0 the opposite is observed. The different variation with ML 0 and T 0 is consistent in that in the former case the liquid mass fraction, ML, is larger with respect to the baseline case during the simulation, whereas in the latter case ML is smaller 
FIG. 5. Kinetic energy at t tr
* normalized by the total initial gas energy ͑a͒ die375ML0R5, die375ML0R6, die375ML2R5, die375ML5R5, and die400ML2R5; ͑b͒ die375ML2R5, jetA375ML2R5, rp1375ML2R5, jp7375ML2R5, die400ML2R5, jetA400ML2R5, rp1400ML2R5, and jp7400ML2R5. The curve labels are listed in the Fig. 3 caption and additionally jetA400ML2R5 -ᮀ -, rp1400ML2R5 -· ᮀ -· ᮀ -and jp7400ML2R5 -·· ᮀ -·· ᮀ -.
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Characteristics of transitional multicomponent Phys. Fluids 19, 063301 ͑2007͒ due to the larger evaporation. Liquid composition effects shown in Fig. 5͑b͒ are as strong as the ML 0 or T 0 effects. With increasing liquid volatility, E kG / E kG,0 increases, emulating the increased T 0 effect, and the rate of decay is slightly reduced, consistent with the dissipation budget discussed in Sec. IV D. At T 0 = 375 K the effect is small, and similar plots at T 0 = 400 K exhibit a slightly larger difference between liquids.
The results show that experiments conducted for MC model validation purposes, none of which currently exist, should not focus on global characteristics of the flow, with the exception of M G / M G,0 , because they are not sensitive to the liquid composition.
Drop characteristics
Shown in Fig. 6 are mixing-layer Lagrangian ensemble averages portraying the evolution of the drop characteristics in that portion of the domain. The lower ͑upper͒ stream is defined as the region in which ͗u 1 ͘ ഛ −0.99U 0 ͑͗u 1 ͘ ജ 0.99U 0 ͒, and the mixing layer, which is the complement of the free-stream domain, is the region where −0.99U 0 Ͼ ͗u 1 ͘ Ͼ 0.99U 0 . Ensemble averages over the mixing layer are of interest here because it is that site which hosts most of the interaction between drops and a flow with turbulent characteristics; comparisons with the simulations of Le Clercq and Bellan 15 where the flow was pretransitional should reveal the effect of drop/turbulence interactions.
We define net evaporation as corresponding to a decrease in M d , or equivalently ṁ d Ͻ 0, or, since l is assumed constant, a decrease in D; net condensation corresponds to the reverse variation of these variables. Because of the multicomponent nature of the liquid, both net evaporation and net condensation may encompass concomitant evaporation of some species and condensation of other species. Figures 6͑a͒ and 6͑b͒ portray ͕͕T d ͖͖ ml / T d,0 and ͕͕D 2 ͖͖ ml / ͕͕D 0 2 ͖͖, where the subscript "ml" denotes the mixing layer. lowed by heating, and the slightly more volatile species in RP-1 lead to a slightly increased cooling with respect to JP-7. A larger ML 0 manifests in an enhanced drop cooling that rivals for diesel at ML 0 = 0.5 the cooling experienced by Jet A. For all liquids, however, the small variations in ͕͕T d ͖͖ ml / T d,0 translate in considerably larger variations in ͕͕D 2 ͖͖ ml / ͕͕D 0 2 ͖͖, with the rapid initial temperature change corresponding to the steepest decrease in the drop size, which subsides by the end of roll-up. An intermediary rate of evaporation follows that abates by the middle of the second pairing, upon reaching a very gradual drop reduction. The nonconstant rate of ͕͕D 2 ͖͖ ml / ͕͕D 0 2 ͖͖ decay is a mark of the ensemble averaging, as each individual drop obeys the classical D 2 law. 14 On going from pretransitional to transitional flow results, one notes an eventual reduction in ͕͕D 2 ͖͖ ml / ͕͕D 0 2 ͖͖ by ϳ5% ͑V d by ϳ11%͒. Kerosene drops reach by the end of the simulation ϳ46% of V d,0 compared to diesel's ϳ63%, and an increase in mass loading of a factor of 2.5 leads to a factor of ϳ1.7 increase in V d by the end of the computation. Clearly, within the range of parameters investigated, the fuel identity is the most prominent factor influencing the drop size evolution.
Companion plots of ͕͕ l ͖͖ ml / l,0 and ͕͕ l ͖͖ ml / l,0 are displayed in Figs. 6͑c͒ and 6͑d͒. As in results portraying entiredomain ensemble averages from simulations of Le Clercq and Bellan, 15 the initial ͕͕ l ͖͖ ml / l,0 surge is accompanied by a drastic reduction in ͕͕ l ͖͖ ml / l,0 as the most volatile species evaporate, thus reducing the number of species in the drop. Eventually ͕͕ l ͖͖ ml / l,0 reaches a minimum that coincides with a tapering off in the augmentation of ͕͕ l ͖͖ ml / l,0 . The interaction of drops with the flow promotes evaporation/ condensation, and thus enhances changes in both ͕͕ l ͖͖ ml / l,0 and ͕͕ l ͖͖ ml / l,0 . The augmentation in ͕͕ l ͖͖ ml / l,0 indicates that condensation occurs, with a local plateau evident by the end of the first pairing; the concomitant increase in ͕͕ l ͖͖ ml / l,0 indicates that, on an ensemble basis, evaporation is more effective than condensation in determining the mean liquid molar mass. Up to the first pairing there is no sensitivity to Re 0 , however, once small scales become preponderant ͓Figs. 3͑g͒ and 3͑h͔͒, one can detect not only quantitative but also qualitative differences between the pretransitional and transitional results; although ͕͕ l ͖͖ ml / l,0 continues to increase in both cases, being larger in the latter situation, ͕͕ l ͖͖ ml / l,0 for transitional computations reaches a minimum, then increases, and eventually crosses over the ever increasing ͕͕ l ͖͖ ml / l,0 at Re 0 = 200. The decrease in ͕͕ l ͖͖ ml / l,0 corresponds to a narrower DGPDF, and represents the accelerated release of species due to the drop/ turbulence interaction. Eventually, the species evaporation becomes limited by the value of T d while species condensation again augments ͕͕ l ͖͖ ml / l,0 . The lack of ͕͕ l ͖͖ ml / l,0 and ͕͕ l ͖͖ ml / l,0 variation in tandem as a function of Re 0 means that the pretransitional simulations do not merely represent an intermediary state to the transitional results because not only is the mean molar mass larger here, but the entire composition distribution is different due to the simultaneous evaporation and condensation of different species promoted by the turbulent flow transporting drops to various sites of the layer. For all liquids at the baseline conditions, ͕͕ l ͖͖ ml / l,0 continuously increases with t * as evaporation depletes increasingly less volatile species, but the rate of augmentation is not uniform even after the initial surge. This nonuniform rate is consistent with the nonmonotonic evolution of ͕͕ l ͖͖ ml / l,0 representing evaporation when it decreases and condensation when it increases. At the larger ML 0 , ͕͕ l ͖͖ ml / l,0 no longer increases monotonically and instead experiences a minimum about halfway through the first pairing while ͕͕ l ͖͖ ml / l,0 displays a maximum at the first pairing; that is, the reduction in T d at the larger ML 0 results in decreasing evaporation, which, combined with the condensation of the lighter species, reduces the mean molar mass and further increases the width of the composition distribution. Clearly, as ML 0 increases, evaporation becomes governed by limitations in drop heating rather than by the drop/turbulence interaction. At the larger T 0 , the larger ͑smaller͒ ͕͕ l ͖͖ ml / l,0 for Re 0 = 200 than for Re 0 = 500 between roll-up and first pairing ͑after the first pairing͒ corresponds to the higher
It is noteworthy that, except for the liquids with the narrowest composition PDF ͑i.e. RP-1 and JP-7͒, ͕͕ l ͖͖ ml / l,0 does not exceed unity. That is, drops of liquids with a narrower composition are more prone to larger changes in the width of their composition distribution as each condensing species onto a drop makes a larger impact on the composition of the liquid drop. When the liquid composition has a PDF with a larger width, evaporation of species of ever decreasing volatility dominates the condensation of the lighter species within the time span of these simulations, resulting in a reduced composition heterogeneity.
Not surprisingly, the drop size and composition are good metrics to distinguish between various fuels and thus future experiments geared at model validation should strive to measure these quantities.
Vapor composition characteristics
The effect of Re 0 and ML 0 on the vapor composition is illustrated in Figs. 7͑a͒ and 7͑c͒ , and the influence of liquid identity and T 0 is depicted in Figs. 7͑b͒ and 7͑d͒. Paralleling the drop ensemble averages of Fig. 6 , the volumetric averages of Fig. 7 are also over the mixing layer portion of the domain. It is noteworthy that the simulation provides only the first four moments of the vapor composition, but not the mathematical form of its PDF. Indeed, consistent with the calculation of the source terms at grid nodes, the vaporcomposition PDF is at each node the sum, according to Eq. ͑19͒, of all vapor PDFs at the drop surface for drops located within the grid volume associated with the specified node. The summation of DGPDFs having different values of sameorder moments is not necessarily a DGPDF. Only the first two moments of the composition are examined in Fig. 7 . The PDF representation of the vapor composition, including the higher moments, is addressed in Sec. IV E.
For diesel, independent of the initial conditions, ͗͗ v ͘͘ ml / v,0 experiences a sustained growth from unity, initially representing the combined effect of condensation of lighter species onto drops, as is obvious from the sharp decay in ͗͗ v ͘͘ ml / v,0 , and of species heavier than v,0 that may Mirroring the drop composition characteristics, changes in the vapor composition are smallest for the narrowest composition-PDF kerosenes for which the vapor mean molar mass increases ͓Fig. 7͑b͔͒ owing to net evaporation ͓Fig. 7͑d͔͒; T 0 has only a very modest effect as the species thermodynamics are quite similar for the narrow compositions. Although initial net evaporation also increases ͗͗ v ͘͘ ml / v,0 for Jet A, its much wider composition PDF leads to a correspondingly greater T 0 impact. Finally, as already discussed, diesel is distinct from all other liquids in that the augmentation of ͗͗ v ͘͘ ml / v,0 is initially due to condensation of lighter vapor species onto the drops and also to evaporation of heavier species from the drops, and its much wider composition PDF makes it prone to the largest influence of T 0 .
It is noteworthy that the value of ͗͗ v ͘͘ / v,0 has a theoretical maximum limit corresponding to complete drop evaporation. Neglecting the initial amount of vapor ͑which here represents less than 0.53% of the total liquid mass͒, if all liquid were evaporated, the composition of the vapor would be that of the liquid at t * = 0, that is, and thus on the time needed to reach this asymptotic value. Consequently, the bunching in Fig. 7͑b͒ of ͗͗ v ͘͘ / v,0 for RP-1 and JP-7 is consistent with their similar values of l,0 / v,0 and evaporation rates ͓Fig. 6͑b͔͒, and curves for Jet A and diesel match by happenstance as a result of the competing effects between the significantly higher asymptotic limit for diesel and the much higher evaporation rate for Jet A ͓Fig. 6͑b͔͒. These considerations are independent of the actual composition of the initial vapor; however, because the initial vapor is found here from a single-drop simulation in air at the specified T 0 ͑by choosing it to be the first-time-step surface-vapor composition͒, this means that v,0 depends on l,0 through the width of the liquid-PDF, finally explaining why RP-1 and JP-7 on the one hand and diesel and Jet A on the other hand show similar ͗͗ v ͘͘ / v,0 . Clearly, averaged quantities can only give a general physical picture of the flow, and detailed visualizations, presented next, are necessary to understand the details of the situation.
B. Flow visualizations

Drop field
The detailed distribution of the drop number density, n , calculated as an Eulerian field from the Lagrangian distribution
is presented in Fig. 8 . The plots depict the between-the-braid plane x 3 / L 3 = 0.5 for selected simulations, each at t tr * . All simulations display an intricate drop organization exhibiting a multitude of scales. The void regions correspond to locations of high vorticity 37 and contain no drops as the n value based on one drop per computational volume leads to n = 5.9ϫ 10 9 m −3 . The outline of the void regions corresponds to high-strain locations ͑Ref. 37; also see Sec. IV C 1͒ and displays large concentrations of drops.
Increasing ML 0 ͓Figs. 8͑a͒ and 8͑c͔͒ leads to a more intricate drop organization exhibiting a larger range of scales; this is because at the same St 0 value, the larger N 0 induces more drop/flow interaction, which amplifies local nonuniformities through the drag action. The larger ML 0 leads expectably to higher n values.
With increasing T 0 , diesel ͓Figs. 8͑a͒ and 8͑b͔͒ and JP-7 ͓Figs. 8͑g͒ and 8͑h͔͒ exhibit more heterogeneity in the lower stream and part of the mixing layer, with void regions that now punctuate the rather uniform n lower stream. These new regions of small n result from the enhanced drop heating, which promotes evaporation. No such regions are detected for Jet A ͓Figs. 8͑e͒ and 8͑f͔͒ within the range of displayed n , although structural changes with increasing T 0 are clearly visible. This dependency of the drop organization on T 0 should be contrasted with the insensitivity to T 0 found in the pretransitional simulations of Le Clercq and Bellan. 15 It is thus clear that the coupling between turbulence and drops creates this T 0 dependency.
that the complexity of the drop organization decreases with increased fuel volatility, indicating that by reducing the drop size and thus the local drop/flow drag force, early evaporation has a homogenizing effect on the n structure. Because at T 0 = 400 K all kerosenes have the same N 0 and ͕͕D 0 ͖͖ ͑see Table I͒, the different n distributions portrayed in Figs. 8͑b͒, 8͑d͒, 8͑e͒ , and 8͑h͒ result solely from the different liquid composition. The global structural organization for RP-1 and JP-7 ͑which have similar composition PDFs͒ at the same initial conditions is virtually identical, although local differences in the structure of the field and value of n are visible.
Additional insight into the relationship between the drop position, its temperature, and its composition is achieved by examining Lagrangian visualizations displayed in Fig. 9 for the baseline case at t tr * in the mixing layer portion of the domain; each sphere in the plot represents a physical drop, the drops are magnified for readability, and there is no relationship between a drop size and its plotted volume. Due to the viewing angle, the void regions evident in Fig. 8 are obscured. The lower part of the mixing layer is populated by low-T d drops ͓Fig. 9͑a͔͒, but as the drops penetrate further into the mixing layer, they heat up and form temperaturewise a very heterogeneous drop ensemble. The largest T d is achieved by drops located at the top of the ultimate vortex, as they are in contact with the upper stream carrier gas at T 0 . The impact of T d on l is evident in Fig. 9͑b͒ . Both the drop history and its instantaneous T d determine the value of l , as not all drops within a given temperature range have the same composition. The drops with the smallest l are located in the lower part of the mixing layer, and their l is noticeably higher than l,0 owing to the already evaporated volatiles. The mixing layer contains drops with a great variety of compositions and the composition diversity is also obvious in the remnant of the initial four spanwise vortices; a quantitative measure of the heterogeneous distribution is presented in Sec. IV C 1. Drops having l Ͼ 245 kg/ kmol are primarily located at the top of the ultimate vortex. However, not all drops at that location have l Ͼ 245 kg/ kmol, as most drops there have 235 kg/ kmolϽ l Ͻ 245 kg/ kmol. Moreover, some drops with 235 kg/ kmolϽ l Ͻ 245 kg/ kmol are also found embedded deep in the lower part of the ultimate vortex. This substantial local variation in l is premonitory of what could be expected for v .
Flow field
a. Dynamics. To differentiate between SP and TP simulations, the between-the-braid plane 3 ␦ ,0 / ⌬U 0 is first dis- utes to the larger dissipation, and due to the coupling of the dynamics with scalar transport, the viscous dissipation whose role is the reduction of organized motion also increases ͑Sec. IV D͒, which decreases the vorticity. The ML 0 0 spanwise vorticity is illustrated in Fig. 11 for the same simulations shown in Fig. 8 
the vorticity equation. Evidently, this source contains two terms: the drag, which has on average positive components, the magnitude of which decreases with the decreasing drop size promoted by the increasing T 0 , and the momentum of the vapor released from the drops, which has on average negative components, the magnitude of which increases in absolute value with increasing T 0 . In the 3 it is not only the sign of each of the two contributions that is important, but also their spatial variation that influences the sign of the source term. Although a direct relationship between liquid volatility and the sign of the source term is not immediately apparent, we note that for a very volatile liquid such as Jet A, ٌ͓ ϫ ͑S mom / ͔͒ 3 evidently becomes smaller with increasing T 0 , whereas for a relatively much less volatile liquid, such as diesel, the vorticity source term becomes larger with increasing T 0 . Because JP-7 and RP-1 follow the diesel trend, what seems to be the determining factor in this variation is the lightest species entering the composition of the liquid ͑see Fig. 2͒ rather than the width of the composition PDF. This T 0 effect on the vortical activity should be contrasted to the insensitivity observed in the pretransitional simulations of Le Clercq and Bellan, 15 indicating that this aspect is intimately related to the turbulence production through the drop/flow interaction.
b. Thermodynamics. The Y v contours are shown in Fig.  12 for the same simulations illustrated in Fig. 8 . The heterogeneity of the vapor distribution is noteworthy in all cases, with the larger values generally confined to the lower stream. As either T 0 or ML 0 increases ͓Figs. 12͑a͒-12͑c͔͒, the maximum Y v increases, but this effect is a much stronger function of T 0 than of ML 0 because an augmentation in T 0 promotes single-drop evaporation through enhanced heat transfer, whereas the opposite happens at a more elevated ML 0 due to limitations on heat transfer from a gas phase with a fixed amount of heat. The larger maximum Y v at ML 0 = 0.5 compared to ML 0 = 0.2 is thus a consequence of N 0 , which affects Nṁ . Examination of the Y v field structure shows increased heterogeneity with increasing T 0 or ML 0 , with regions of the largest Y v penetrating well into the mixing layer and reaching its boundary adjacent to the upper stream while pockets of negligible Y v embed deep into the mixing layer. Concomitantly, regions of low Y v are now present as isolated pockets in the lower stream. At fixed T 0 and ML 0 , the maximum Y v increases with increasing fuel volatility, while the structural complexity of the Y v field decreases, which is attributed to the earlier evaporation that allows substantial small-scale mixing before the achievement of transition.
To entirely characterize the vapor, composition contours are displayed for v in Fig. 13 and for v in Fig. 14 corresponding to the simulations presented in Fig. 12 . Compared to the pretransitional results of Le Clercq and Bellan, 15 the v contours are considerably more contorted, with multiple locations, rather than a single location, of very high values throughout the mixing layer. With increasing T 0 , the maximum value of v increases ͓Figs. 13͑a͒ and 13͑b͒; Figs. 13͑g͒ and 13͑h͔͒ due to the evaporation of the heavier components; the opposite occurs when ML 0 increases ͓Figs. 13͑a͒ and 13͑c͔͒ due to the limitation in heat transfer, which prevents the release of heavier components. Generally, the range of v values mirrors that in the initial liquid composition ͑Fig. 2͒ in that a narrow initial PDF range translates into a narrow range of v values. For a narrower initial PDF having a larger-m component as its most volatile species ͓e.g., JP-7, for which ␥ = 93 kg/ kmol, shown in Fig. 13͑g͒ relative to diesel, for which ␥ = 86 kg/ kmol, shown in Fig. 13͑a͔͒ , the lower stream is uniquely composed of very light species due to the larger time lag necessary for the drops to reach a T d value at which evaporation may proceed; at the more elevated ML 0 , v is also smaller in the lower stream, this being attributed to the lower T d , which hinders evaporation of relatively less volatile species. The very close association between initial liquid composition and the magnitude and distribution of v is best highlighted when examining Figs. 13͑d͒ and 13͑h͒ representing RP-1 and JP-7 at the same conditions: their almost coincidental PDFs of Fig. 2 results in virtually the same contour distribution and magnitude. Whether at T 0 = 375 K ͓Figs. 13͑a͒, 13͑e͒, and 13͑g͔͒ or at T 0 = 400 K ͓Figs. 13͑b͒, 13͑d͒, 13͑f͒, and 13͑h͔͒, the heterogeneity of the v distribution increases with decreasing PDF width.
Parallel contour plots of v add more details to the information on the vapor composition. For all simulations, v displays a complex distribution with generally small values in either stream, and intermediate and high values confined to the mixing layer. Notable exceptions are the baseline diesel simulation ͓Fig. 14͑a͔͒ and that with ML 0 = 0.5 ͓Fig. 14͑c͔͒, where the upper stream exhibits larger v than the lower stream, this being a manifestation of the lower stream condensation rather than implying that the upper stream v is heterogeneous. Whereas in the pretransitional study of Le Clercq and Bellan 15 the locations of maximum v and v entirely coincided, here this is no longer the case. Although the intersection of the maximum-value v and v locations is not null in corresponding plots of Figs. 13 and 14, there is a considerable number of locations of maximum v value that do not correspond to a location of maximum v value, and vice versa. After substantial evaporation, when only the heavier species remain in a drop, the evolved turbulence is responsible for transporting that drop in regions where the vapor composition may be relatively uniform, and thus the local drop evaporation will result at that location in a large v but relatively small v ͓e.g., Figs. 13͑a͒, 13͑e͒, and 13͑g͒ compared to Figs. 14͑a͒, 14͑e͒, and 14͑g͒, respectively͔. Conversely, drops at intermediary stages of evaporation may be brought by turbulence in a region of strong composition nonuniformity, thereby creating through evaporation a location of intermediary v values and high v values ͓i.e., Fig.  13͑f͒ compared to Fig. 14͑f͔͒ . Scrutiny of Figs. 14͑d͒ and 14͑f͒ makes it clear that, unlike for v , here there is no longer as strong a relationship between the initial liquidcomposition PDF and the v magnitude, although the qualitative aspect and the relative structure of the v distribution are still closely related to this PDF. Increasing T 0 ͓Figs. 14͑a͒ and 14͑b͒, Figs. 14͑e͒ and 14͑f͒ , and Figs. 14͑g͒ and 14͑h͔͒ results in the maximum v increasing, and this effect is stronger with decreased fuel volatility ͑diesel versus all kerosenes͒ because this promotes the release of an increasing range of heavier components from drops, as seen when comparing Figs. 13͑a͒ and 13͑b͒ .
The general picture that emerges is that of the importance of both drop/turbulent-flow interaction and initial liquid-composition PDF in determining the vapor distribution and local composition. Both T 0 and ML 0 couple nonlinearly with that interaction and with the initial liquidcomposition PDF.
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FIG. 12.
͑Color͒ Vapor mass fraction in the between-the-braid plane ͑x 3 / L 3 = 0.5͒ at t tr * : ͑a͒ die375ML2R5, ͑b͒ die400ML2R5, ͑c͒ die375ML5R5, ͑d͒ rp1400ML2R5, ͑e͒ jetA375ML2R5, ͑f͒ jetA400ML2R5, ͑g͒ jp7375ML2R5, and ͑h͒ jp7400ML2R5. 13 . ͑Color͒ Vapor mean molar mass ͑kg/kmol͒ in the between-the-braid plane ͑x 3 / L 3 = 0.5͒ at t tr * : ͑a͒ die375ML2R5, ͑b͒ die400ML2R5, ͑c͒ die375ML5R5, ͑d͒ rp1400ML2R5, ͑e͒ jetA375ML2R5, ͑f͒ jetA400ML2R5, ͑g͒ jp7375ML2R5, and ͑h͒ jp7400ML2R5.
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FIG. 14. ͑Color͒ Standard deviation of the vapor composition ͑kg/kmol͒ in the x 3 / L 3 = 0.5 plane at t tr * : ͑a͒ die375ML2R5, ͑b͒ die400ML2R5, ͑c͒ die375ML5R5, ͑d͒ rp1400ML2R5, ͑e͒ jetA375ML2R5, ͑f͒ jetA400ML2R5, ͑g͒ jp7375ML2R5, and ͑h͒ jp7400ML2R5. Figure 15 displays the homogeneous ͑x 1 , x 3 ͒ plane average number of drops, N x 2 , at t tr * . For a specified x 2 , the value of N x 2 represents the number of drops in the region ͑x 2 − ⌬x 2 /2,x 2 + ⌬x 2 /2͒. Clearly, for ML 0 = 0.2, in the lower stream ͑qualitatively here meaning x 2 / ␦ ,0 Ͻ −10͒ and in the mixing layer ͑qualitatively here meaning −10ഛ x 2 / ␦ ,0 Ͻ 7͒ there is a very large number of drops, and thus all drop statistics performed at these locations are meaningful. With increasing x 2 / ␦ ,0 beyond x 2 / ␦ ,0 = 7, the quality of the statistics will deteriorate. For ML 0 = 0.5, the number of drops in the lower stream increases proportionally to the ML 0 augmentation and in the mixing layer, despite the local ͑i.e., with x 2 / ␦ ,0 ͒ fluctuations, the number of drops remains proportional to the ML ratio.
Statistics over a specified drop ensemble may be of interest either for drop-defined quantities, in which case the concept is straightforward, or for gas-defined quantities interpolated at the drop locations, in which case it represents the drop's far-field value. From a gas-defined quantity, A, interpolated through I to drop locations, resulting in the quantity A I , three types of drop ensemble averages can be defined as shown in Table III . For example, n can be interpolated to the drop locations to obtain n I , and one can further calculate the number of drops per computational cell ͑i.e., inside ⌬V q ͒, n c ϵ͓ n I ͔ c = n I ϫ⌬V q , where ⌬V q = ⌬x 1 ϫ⌬x 2 ϫ⌬x 3 is the cell volume defined in Sec. II C. Drop ensemble averages of n c , T d , l , and l and their standard deviations are presented in Fig. 16 .
Despite the large number of drops in the lower stream, ͕n c ͖ Ͻ 1 ͕͖͑ defined in Table III͒ for all simulations ͑for readability, only a restricted selection of simulations is shown in Fig. 16͑a͒͒ . In the mixing layer, ͕n c ͖ Ͻ 1.5 for ML 0 = 0.2 and ͕n c ͖ Շ 2 for ML 0 = 0.5, showing again the consistency of our assumptions regarding the volumetric loading past the initial condition, particularly since ͕͕V d ͖͖ / ͕͕V d,0 ͖͖ has considerably decreased from unity ͓as conservatively indicated by ͕͕D 2 ͖͖ ml / ͕͕D 0 2 ͖͖ in Fig. 6͑b͒ , the mixing layer region being that where both ͕n c ͖ and the standard deviation, ͕͑n c 2 ͖ − ͕n c ͖ 2 ͒ 0.5 shown in Fig. 16͑b͒, However, while ͕ l ͖ / l,0 Ͻ 1 for diesel and Jet A, indicative of evaporation, ͕ l ͖ / l,0 Ͼ 1 for RP-1 and JP-7 indicative of condensation, both with respect to the initial condition. Increasing ML 0 or T 0 has opposite effects on ͕ l ͖ / l,0 in that it decreases/increases its value, portraying reduced/enhanced evaporation with respect to the baseline case, whereas it has a qualitatively similar, increasing effect on ͕ l ͖ / l,0 with the influence of ML 0 being much weaker. It is clear that within the restricted parametric range investigated, ML 0 has in the lower stream a much stronger influence on ͕ l ͖ / l,0 than on ͕ l ͖ / l,0 , while the opposite is true for T 0 . Both 
jetA375ML2R5, rp1375ML2R5, and jp7375ML2R5:
. Curve labels listed in the Fig. 3 in the lower part of the mixing layer ͑i.e., ͕ l ͖ / l,0 Ͼ 1 and increases͒, followed by reduced condensation with increasing x 2 / ␦ ,0 ͑i.e., ͕ l ͖ / l,0 Ͼ 1 and decreases͒, and finally by evaporation in the upper part of the mixing layer ͑i.e., ͕ l ͖ / l,0 Ͻ 1 and decreases͒. In contrast, for diesel and Jet A, overall evaporation has occurred ͑i.e., ͕ l ͖ / l,0 Ͻ 1͒, which was enhanced with increasing x 2 / ␦ ,0 ͑i.e., ͕ l ͖ / l,0 decreases͒. The nonmonotonic behavior for the narrower PDF kerosenes is conjectured to result from a combination of the smaller T d value in the lower part of the mixing layer and of entrainment into this region of the very volatile species that have evaporated early into the lower stream and are here encountering favorable conditions for condensation. While both evaporation and condensation may concomitantly occur for diesel and Jet A, the larger separation in saturation pressure between the early evaporated species residing in the lower stream and the intermediate species released in the mixing layer leads to a larger loss of species through evaporation. Neither a change of value in ML 0 nor in T 0 results in qualitative changes in the variation of ͕ l ͖ / l,0 and ͕ l ͖ / l,0 with x 2 / ␦ ,0 , and even the quantitative rate of augmentation trends remains for ͕ l ͖ / l,0 . However, ͕ l ͖ / l,0 exhibits a stronger decay at the higher T 0 , indicative of stronger evaporation, whereas the opposite occurs at the larger ML 0 . The 
is largest for RP-1 and JP-7 because their narrow composition means that either evaporation or condensation of a very small number of species can greatly affect the liquid PDF. This interpretation is supported by the fact that continuing in decreasing order of magnitude are the ͕͑ l 2 ͖ − ͕ l ͖ 2 ͒ 0.5 / l,0 values for Jet A and diesel, an ordering aligned with the width of their composition, and that the diesel results fall considerably lower than those of the three kerosenes, consistent with its much larger PDF width.
b. Size and organization. The information provided by the contour plots of Fig. 8 was of a pictorial nature and did not provide quantitative information about drop size and organization according to position within the volume. Such quantitative information is first provided in Fig. 17 through St, which was defined in Sec. III and is here rewritten as
using the definition of Re 0 to eliminate . From Eq. ͑23͒, it is clear that because all other quantities are initially speci- 5 , respectively, at t tr * . Regarding the drop preferential organization, Le Clercq and Bellan 10 have discussed how the second invariant of the deformation tensor for compressible flow,
where the strain rate is
is conducive to distinguishing portions of the flow that are of rotational or compressible nature, corresponding to II u Ͼ 0, from regions where strain dominates, corresponding to II u Ͻ 0. Thus II u I is a measure of II u at the drop locations, and the sign of this quantity indicates whether the drop is in a region of rotation and compression, or in a region of strain. Plots of Figs. 17͑c͒ and 17͑d͒.
The average drop size is evidently approximately constant throughout the lower stream and continuously decreases from the lower stream to the mixing layer and throughout the mixing layer in the direction of the upper stream. In light of the ͕n c ͖ variation discussed in conjunction with Fig. 16͑a͒ , the larger number of drops per cell in the mixing layer is balanced by their smaller volume, which still leads to a negligible ratio of the drop-to-cell volume, and consequently negligible computational error in these Eulerian/Lagrangian simulations. The fact that at all locations ͕St͖ Ͻ 3, which is the initial volumetric mean, is indicative of the drop-size reduction due to evaporation. In the lower stream, ͕͑St 2 ͖ − ͕St͖ 2 ͒ 0.5 is smaller than the initial volumetric value of 0.5, meaning that the drop size distribution is more uniform, whereas the opposite is evident in the mixing layer, which is a manifestation of the increased size polydispersity resulting from the drop/flow interaction. As expected, both ͕St͖ and ͕͑St 2 ͖ − ͕St͖ 2 ͒ 0.5 decrease with liquid volatility or increasing T 0 , and increase with larger ML 0 . Figures 17͑c͒ and 17͑e͒ show that except for the lower stream where II u =0 ͑lack of strain and vorticity͒, in the entire mixing layer the drops reside in strain-dominated locations, consistent with the findings of Squires and Eaton. 37 This result gives perspective to the finding of Le Clercq and Bellan 10 that most drops in the volume accumulate in regions of II u Ӎ 0, showing that the result was biased by the much larger number of drops in the lower stream ͑Fig. 15͒. The present results show that with increasing volatility or T 0 and with decreasing ML 0 , the drops generally reside in regions of increasing strain. As either T 0 or ML 0 increase, or as the volatility increases ͑RP-1 and JP-7 not displayed͒, sharp peaks of larger-strain regions populated with drops are evident, remnant of the parallel sharp peaks observed in Fig.  16͑a͒ . Based on these findings, the conjecture is that the much larger T 0 in combustors is conducive to generating very-high-strain drop-laden regions. Considering the x 2 / ␦ ,0
17͑f͔͒, it appears that the diversity of ͕II u increases with more elevated values of volatility, T 0 or ML 0 , reinforcing the conclusion about combustors where large differences in properties will occur among locations where drops reside. c. Probabilities. All homogeneous ͑x 1 , x 3 ͒ plane averages show that the drop characteristics are strongly affected by the surrounding flow. To elucidate the influence of the location on the drops, PDFs are separately calculated over the lower stream and over the mixing-layer drop ensembles, and are displayed in Fig. 18 . For figure readability, results are only shown for diesel and different T 0 , as T 0 is considered important in projecting how the results might change at the very much higher T 0 in combustors. ͑For readability, the curve labels are specific to this figure and changed from those listed in the Fig. 3 caption.͒ Because variations with increased T 0 mimic those for liquids with increased volatility, the following results at T 0 = 400 K can also be interpreted as being applicable to the kerosenes.
The probability of a given number of drops per cell, whether in the lower stream or the mixing layer, is insensitive to T 0 as shown by P͑n c ͒ in Fig. 18͑a͒ . Independent of the two locations, the PDF peaks at about n c = 0.6, but is considerably wider for the mixing layer relative to the lower stream, consistent with Fig. 16͑b͒ . This is the consequence of ͓͑a͒ and ͑b͔͒ die375ML2R5, die375ML5R5, die400ML2R5, and jetA375ML2R5; ͓͑c͒ and ͑d͔͒ die375ML2R5 and die375ML5R5; ͓͑e͒ and ͑f͔͒ die400ML2R5 and jetA375ML2R5. ͑a͒ St, ͑b͒ ͓͕St
The curve labels are listed in the Fig. 3 caption.
063301-24 L. C. Selle and J. Bellan Phys. Fluids 19, 063301 ͑2007͒ drop segregation in the mixing layer, as seen in Figs. 17͑c͒ and 17͑e͒. In contrast, P͑T d ͒ in Fig. 18͑b͒ exhibits high specificity both to T 0 and to the drop location. Independent of T 0 , T d has a much larger range of higher values in the mixing layer than in the lower stream. Also independent of T 0 , in both regions, the PDF displays a major peak and then a minor peak at smaller T d values; although the larger peak is at the same T d value in both regions, in the mixing layer the minor peak is at inferior values than in the lower stream, making the lower-stream PDF wider in the region of most probability. The dual T d peak corresponds to regions of relatively low T in the central streamwise portion of the domain caused by the lower p at the center of the final vortex ͑not shown͒, surrounded by regions of higher p and thus larger T. Figure 9͑a͒ clearly depicts the dual T d preferential values in the lower portion of the mixing layer. The major peak indicates a preferential value, which for T 0 = 375 K is in the lower stream slightly inferior to T 0 . The location of this minor peak, which indicates the lower boundary of the range of most probable values, shows that even within these most probable values, the mixing layer has more variability than the lower stream, consistent with the physical understanding derived from scrutiny of Fig. 16͑d͒ . The composition information presented in Figs. 18͑c͒ and 18͑d͒ shows that independent of T 0 , P͑ l ͒ peaks at the same l but is much narrower in the lower stream than in the mixing layer, consistent with the similar history of all drops in the lower stream and the diversity of drop history for the mixing layer drops, as clearly seen in Fig. 9͑b͒ . At larger T 0 , P͑ l ͒ is translated to the range of larger l as the more volatile species have been released earlier from the drops, and its width increases, consistent with the information of Fig. 16͑f͒ . Of note, some drops have a liquid mean molar mass as heavy as 260 kg/ kmol, and this value increases to ϳ300 kg/ kmol at T 0 = 400 K ͑not shown͒. Thus, for the much larger T 0 in combustors, it is expected that the mean molar mass of the liquid will increase from the present values, leading to coke or cenosphere formation when species as heavy as ϳ500 kg/ kmol have a non-negligible presence in the drop. [38] [39] [40] Complementary to P͑ l ͒, P͑ l ͒ shows that the preferred value is similar for both lower-stream and mixinglayer regions, and that the location of the peak slightly increases with larger T 0 . Independent of T 0 , the P͑ l ͒ width is larger in the mixing layer, consistent with the information in Fig. 16͑h͒. 
Vapor statistics
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063301-25
As ML 0 increases ͓Figs. 19͑a͒ and 19͑c͔͒, both ͗ v ͘ / v,0 and ͗ v ͘ / v,0 decrease throughout the lower stream and mixing layer, indicative of evaporation being relatively restricted to the more volatile, lighter species. The magnitudes of ͗ v ͘ / v,0 and ͗ v ͘ / v,0 are mildly sensitive to an augmentation in Re 0 ͓Figs. 19͑a͒ and 19͑c͔͒, as evidenced by similar values at different Re 0 both in the lower stream and in the lower part of the mixing layer. However, additional structure is observed at the higher Re 0 and the upper edge of the layer contains now heavier species, meaning that the composition is more heterogeneous. Figure 19͑b͒ shows that the diesel and Jet A ͗ v ͘ / v,0 profiles coincide, independent of T 0 , and that RP-1 and JP-7 results are very close at both values of T 0 . We conjecture here that the coincidence of diesel and Jet A means that it is not only the width of the liquid composition PDF that matters under transitional conditions, differentiating the diesel and Jet A from RP-1 and JP-7, but also the identity of the most volatile species. Jet A experiences evaporation in the lower stream, as shown by ͗ v ͘ / v,0 Ͼ 1 in Fig. 19͑d͒ , which together with the larger mean molar mass there indicates enhanced release of less volatile species. Across the layer, evaporation occurs for all kerosenes. However, for diesel condensation occurs except at the larger T 0 , where evaporation prevails only at locations higher than approximately x 2 / ␦ ,0 Ͼ 5 in the layer. The physical picture that emerges from consideration of ͗ v ͘ / v,0 together with the ͗ v ͘ / v,0 profiles is that of an accumulation of high molar mass species in the core of the layer, with a relatively narrower distribution than at both lower and upper layer boundaries. The composition at the lower boundary of the mixing layer does not have in the mean as high a molar mass as the layer core, but it has a wider species distribution, with presumably a multitude of highly volatile species entrained from the lower stream. At the upper mixing layer boundary, the composition is also wider than in the layer core, with a larger mean molar mass than either the core or the lower layer region, this being due to the higher-m species that evaporate once the very volatile and moderately volatile species have been released from the drops. These species have traversed the mixing layer to reach its upper boundary. This physical picture is consistent with that derived from examination of Fig. 9͑b͒ .
D. Dissipation analysis
Because the energy spectra of Fig. 4 showed significant differences in the small-scale energy from the SC-liquid study of Okong'o and Bellan, 20 suggesting here a more pronounced small-scale dissipation, it is of interest to examine the irreversible entropy production, which is essentially the dissipation. Okong'o and Bellan 20 have shown that for a TP flow, additional to the semidefinite positive quadratic terms 
where R v = R u / v and v = h v − Ts v is the chemical potential with s v being the entropy of the pure vapor, which is calculated for a perfect gas as
given a functional form for C p,v ͑T͒, where it is required that s is null at 0 K. Therefore,
where s v 0 is the reference entropy at the reference temperature T 0 and pressure p 0 , typically obtained from integration or tables.
Considering the entire g contribution due to drop source terms
͑33͒
having assumed that s v is calculated at the drop surface ͑con-sistent with the calculation of h v in S en ͒, shows that because the last term in Eq. ͑33͒ is always positive, the sign of g d is determined by the sign and magnitude of the first three terms. By definition, under net evaporative conditions, ṁ d Ͻ 0, and thus the second and third terms of Eq. ͑33͒ are also positive; the opposite happens under net condensation conditions. Finally, for T d Ͻ T, which are the prevailing conditions in the present simulations, the first term is negative. Thus, under net evaporative conditions, the sign of g d is determined by the relative magnitude of the first term compared to the sum of the other terms of Eq. ͑33͒. The implication is that strong droplet heating promoted by a large value of ͑T − T d ͒ could lead to a reduction in g ͑with respect to a SP flow having the same thermodynamic gradients͒ if evaporation is weak, that is, if the liquid is not very volatile, and also if the slip velocity is small. These considerations show that liquid volatility plays a strong role in determining the value of the dissipation, and identifies the reasons why TP flows with liquids of different composition have disparate characteristics. Presented in Table IV is the g budget at t tr * for all ML 0 = 0 simulations. SP simulations in which there is a species mass flux ͑of similar magnitude to that occurring at transitional states for the MC TP flows͒ exhibit not only the additional g mass contribution to g, but also a larger g visc ͑both average and rms͒ compared to the equivalent SP simulations without species mass flux. Furthermore, with increasing Re 0 , simulations having a species mass flux display about a factor of 2 larger increase in the g visc rms than simulations devoid of species mass flux. For corresponding simulations, both g and its contributions are larger for SC SP flows ͑compare Table IV to Table 10 Tables V and VI for quantities calculated at grid nodes ͑e.g., the first row and first column value represents ͗͗g III ͒͘͘, and in Table VII for quantities calculated at grid nodes and , the decreasing order of the rms values remains from the SC n-decane study of Ref. 20 . However, at the same initial conditions, g III is smaller in magnitude, whether average or rms, and this holds for diesel and all kerosenes ͑Tables V and VI͒, with RP-1, the liquid with the narrowest PDF, approaching n-decane most closely. For diesel at the ͑7% relatively͒ higher T 0 ͑Table V͒, g III is larger by ϳ15% for the average and ϳ23% for the rms confirming the important influence of T 0 for liquids of low volatility. A similar comparison for Jet A ͑Table VI͒ reveals practically no variation with T 0 , which is attributed to the more modest role of a such small relative increase in T 0 for fuels of higher volatility. Because
it is clear that g III Ͻ 0 only if the sum of the first two terms, representing the work due to drag and drop heating, dominates the effect of evaporation. Although ͗͗g III ͘͘ Ͼ 0 for all simulations, and in most of the domain g III Ͼ 0, there is a non-negligible % ͑more than 15%͒ of the volumetric domain where its value is negative for all ML 0 = 0.2 simulations, and this percentage increases at the larger T 0 . With increasing ML 0 , the % of the domain with g III Ͻ 0 decreases, which is attributed to the reduction in ṁ d combined with the larger drag and flow-to-drop heat transfer associated with the much larger number of drops. Of note, the percentages of strictly is the largest among all contributions to g * . This means that the composition of the fuel has a major impact on the ͑s − s v 0 ͒ production. Both the g I,chpot * average and rms increase with ML 0 , but slightly less than proportionally, and with T 0 or larger fuel volatility.
In contrast to g III , the g visc contribution, whether average or rms, is larger in magnitude here ͑by ϳ20%͒ than in Ref. 20 , decisively explaining why the smallest scales in the energy spectra of Fig. 4 contain orders of magnitude less energy here than in the equivalent spectra of Ref. 20 . None of the parameters considered here ͑ML 0 , T 0 or liquid volatility͒ affect this conclusion, which seems to be entirely related to the MC aspect of the flow. Like for all other flux-related dissipation terms ͑i.e., g mass and g temp ͒, the entire domain has a positive activity. Relative to the SP budget of Table IV , g visc is now larger by ϳ35% in average and ϳ29% in rms. Although at first consideration this result may seem contradictory to the reduced energy in the small scales for SP flows evident in Figs. 4͑c͒ and 4͑d͒ , the fact is that the initial energy in SP and TP flows is not the same ͑because of the additional energy due to the presence of drops͒ as shown in Fig. 4͑b͒ , and moreover the kinetic energy in TP flows first increases with time compared to the decrease experienced by SP flows ͓Fig. 5͑a͔͒, which brings the correct perspective to this result.
Previously analyzed in detail by Okong'o and Bellan in an Eulerian framework, Table VII is an example of the gas dissipation g * at t tr * as "seen" by the drops, that is, in a Lagrangian framework. In this Lagrangian framework, the % regions of positive activity added to the % of negative activity locations yields 100%. A small error is evident in the computed values for g mass and g temp , which, although adding to the expected 100%, show an unphysical 1% region of negative activity; the computation error is evidently due to the operation I. Whereas ͉͗͗g * ͉͘͘ increases with increasing ML 0 and decreases with increasing T 0 ͑Table V͒, ͉͕͕͑g * ͒ I ͖͖͉ decreases with increasing ML 0 ͑Table VII͒ and varies erratically with the composition ͑not shown; it increases for diesel and JP-7 and decreases for Jet A and RP-1͒. The variation of ͉͗͗g * ͉͘͘ with increasing fuel volatility, that is, with a smaller ␥ ͑see Table I͒ , is nonmonotonic as a decrease is shown from Jet A to diesel ͑Tables V and VI͒, but an increase occurs from Jet A to RP-1 ͑Table VI͒; however, ͉͕͕͑g * ͒ I ͖͖͉ increases monotonically with ␥ ͑not shown͒. Similar to ͗͗g * ͘͘, the negative value of ͕͕͑g * ͒ I ͖͖ represents the dominance of g I,chpot * , which is the only negative contribution. For all liquids ͑only diesel and Jet A shown͒ and for each specified simulation, over the drop ensemble g III has a much larger value than over the volume, both average and rms; g I,chpot * is in average larger in magnitude than volumetrically by a factor of ϳ2.5 to 4.5 for diesel and ϳ4 for kerosenes, and its rms is larger than volumetrically by a factor of ϳ2 to 3; g visc is smaller both in average and rms for all liquids; g II has a similar average value but a larger rms for diesel, and a much larger absolute value ͑by a factor of 26͒ and a much larger rms for Jet A ͑and both other kerosenes; not shown͒; for all liquids, g mass and g temp are 50% to a factor of 2 larger in average and rms when calculated over the drop ensemble; and independently of liquid, ͕͕g I,kine I ͖͖ is larger by a factor of 2-3 than ͗͗g I,kine ͘͘ with a larger % of g I,kine I allocated to negative values, corresponding to net condensation, and approximately a factor of 2 larger in rms. For all liquids, the T 0 variation of each contribution to ͑g * ͒ I is consistent with that seen for the domain statistics. The general picture obtained when scrutinizing g * over the drop ensemble is that although the general conclusions are similar to those obtained for the g * statistics over the volumetric domain, the details may vary considerably. This raises the question of how the composition PDF, which according to ͑16͒ is a DGPDF for the vapor at the drop surface, evolves in mathematical form from the drop surface to the grid nodes. This question is addressed next.
E. Vapor-composition PDF representation
The dissipation discussion above raises the possibility that given the different "appearance" of the flow in the Eulerian or Lagrangian frameworks, the vapor-composition PDF, which is a DGPDF at drop locations, may not have the same mathematical form at grid nodes. Le Clercq and Bellan 15 interpreted their pretransitional simulations to mean that the vapor composition remained a DGPDF, an approximation that was justified by the relatively lower heterogeneity in composition relative to the present transitional results. Thus, here we explore the mathematical form of the vaporcomposition PDF through the excess moments nv Ј of Eq. ͑4͒.
That is, we compare the vapor-composition PDF, of which we only know the calculated first four moments computed as the solution of the gas-phase equations, with the SGPDF that has the same first two moments as the computed PDF; this composition PDF has so far an unknown mathematical form. Fig. 6͑b͔͒ and thus the release of species that potentially could condense and could contribute to the formation of a PDF different from the SGPDF. Notably, Harstad et al. 14 showed that for the liquid, departures from the SGPDF increased at larger evaporation rates and these departures were traced to species condensation on the drops. The departure from the SGPDF decreases in the lower stream with increasing value of the lowest-m species ͑Fig. 2͒, as vapor evolution in this region is entirely due to the most volatile species of the liquid. Because Jet A exhibits considerably more evaporation here than diesel and the two other kerosenes, its P v displays the largest departure from the SG-PDF ͓Figs. 20͑b͒ and 20͑d͔͒. The mixing layer being a region of evaporation where a multitude of molar mass species are released from the drops, the departures from the SGPDF align here with the width of P l,0 because more species are available for condensation, and accordingly the vapor emanating from the liquid with the largest P l,0 width-dieselhas the largest departure from the SGPDF.
Finally, ͕ l ͖ ͓see Eq. ͑1͒ for the definition of l ͔ is illustrated in Fig. 20͑e͒ at t tr * , and now assuming that the vaporcomposition PDF is of the double-Gamma form, ͗ v ͘ is portrayed in Fig. 20͑f͒ also at t tr * . The jagged aspect of the curves in Fig. 20͑e͒ is due to ensemble averaging a liquid variable over drops residing in planes. The activity is almost uniquely confined to the mixing layer. Clearly, the deviation of the vapor composition from SGPDF is greater by ϳ50% in the vapor than in the liquid, although in both cases the departure is small; according to Harstad et al., 14 however, this small departure is crucial to the physical tenability of the model. Thus, if P v is a DGPDF, its departure from the equivalent SGPDF is larger than that of P l from its corresponding SG-PDF. Comparing all liquids according to their composition, a relatively larger departure from the SGPDF in the liquid leads to a relatively smaller departure for the vapor. We interpret this opposite variation as being the effect of condensation onto the drops, which depresses the minor doubleGamma peak in the vapor and increases it in the liquid. This interpretation is supported by the approximate coincidence of the peaks in Fig. 20͑f͒ with the peaks in plots of homogeneous ͑x 1 , x 3 ͒ plane average vapor composition at t tr * for both mean and standard deviation ͑Fig. 19͒. The largest deviation in the liquid and the least departure in the vapor from the SGPDF are for RP-1 and JP-7 because of their narrower initial composition PDF, implying a narrower range of saturation pressures. Decreasing ͑increasing͒ in deviation from SGPDF, Jet A liquid ͑vapor͒ is intermediary between the other two kerosenes and diesel. At the more elevated T 0 ͑ML 0 ͒, both liquid and vapor experience larger ͑smaller͒ DGPDF effects. The major and minor mixing-layer peaks in Fig. 20͑f͒ coincide with isolated regions of high drop number density ͑Fig. 8͒, prone to large net evaporation.
V. SUMMARY AND CONCLUSIONS
Transitional states were created through Direct Numerical Simulation ͑DNS͒ for both multicomponent-species ͑MC-species͒ gaseous mixing layers and drop-laden mixing layers where the evaporating liquid is a MC mixture of a very large number of species. The mixing layer was threedimensional, and when drops were present, they were initially confined to the lower stream. The gas was followed in Ј / 4v SGPDF ͘, ͑e͒ ͕ l ͖, and ͑f͒ ͗ v ͘. ͓͑a͒ and ͑c͔͒ die375ML2R2, die375ML2R5, and die375ML5R5; ͓͑b͒ and ͑d͔͒ die375ML2R5, die400ML2R5, jetA375ML2R5, jetA400ML2R5, rp1375ML2R5, rp1400ML2R5, jp7375ML2R5, and jp7400ML2R5; ͓͑e͒ and ͑f͔͒ die375ML2R5, die375ML5R5, die400ML2R5, jetA375ML2R5, jetA400ML2R5, rp1375ML2R5, and jp7375ML2R5. Curve labels are listed in the Figs. 3 and 5 captions, and die375ML2R2 -᭤-.
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an Eulerian framework, whereas the drops were described in a Lagrangian frame, with complete dynamic and thermodynamic coupling between drops and carrier gas. The liquid and vapor composition resulting from evaporation/ condensation was modeled using Continuous Thermodynamic concepts wherein a Probability Distribution Function ͑PDF͒, taken here as a function of the species molar mass, describes each evolving PDF; the gas PDF is a function of time and location, and the liquid PDF varies with time and is specific to each drop. The liquid PDF was initially specified as a single Gamma PDF ͑SGPDF͒ and was allowed to evolve into a linear combination of two Gamma PDFs ͑DGPDF͒. For gaseous ͓i.e., single-phase ͑SP͔͒ mixing layers, the emphasis was on the characteristics of the transitional states as a function of the initial Reynolds number and of the initial species mass flux between the two streams. For drop-laden ͓i.e., two-phase ͑TP͔͒ mixing layers, the emphasis was on the drop/flow interaction, the influence of the initial mass loading the impact of the initial carrier gas temperature and the effect of the identity of the liquid.
Our conclusions are threefold: first the scrutiny of the present MC-liquid transitional simulations allowed the sorting of features influenced or not by the initial composition of the liquid; then, comparisons of the present findings with the pretransitional DNS solutions of Le Clercq and Bellan 15 using the same model as here revealed the impact of smallscale activity; finally, comparisons with the singlecomponent ͑SC͒ DNS results of Okong'o and Bellan 20 were also performed to differentiate MC and SC liquids.
Analysis of the present database revealed that the identity of the liquid has a minor influence on the global features of the flow such as momentum thickness, positive spanwise vorticity, enstrophy, and even energy spectra. It is thus clear that these quantities are poor candidates as tests for model validation using experimental results. Quantities such as droplet temperature and composition or the amount of vapor released and its composition proved to be very sensitive to the nature of the liquid. It was found that not only the initial mean molar mass of the liquid has an impact on the vapor composition evolution, but also the variety of species initially present, that is, the width of the initial PDF. In particular, the total mass of vapor proved to be strongly correlated with the mean of the composition PDF, whereas the vapor composition was more sensitive to the liquid-PDF width.
Comparison with the pretransitional database of Le Clercq and Bellan 15 showed that the influence of the Reynolds number is mostly in the generation of more local heterogeneity rather that in drastic changes in global quantities. For example, unlike the results of Le Clercq and Bellan, 15 regions of high gas mean molar mass no longer entirely coincided with regions of high vapor composition standard deviation, which is attributed to the enhanced mixing and droplet dispersion due to turbulence.
Using the results of Okong'o and Bellan, 20 it was found that the global evolution of the layer was hardly affected by the nature of the liquid ͑i.e., SC versus MC͒, again giving strong indications toward useful diagnostics for experimental validation of the models. However, it was also found that with otherwise identical initial conditions, the energy spectra of MC-liquid and SC-liquid laden mixing layers are different. The discrepancy occurs at the smallest scales where MC flows have much less energy than their SC counterpart. The assessment of the dissipation balance at transition showed that the viscous dissipation here is indeed larger by approximately 20% for diesel ͑the exact amount is liquid composition dependent͒ than for the n-decane simulations of Ref. 20 , explaining the reduced energy in the smallest scales. For SP flows, it was found that both the total dissipation and each of its contributions were smaller for MC flows than in corresponding SC simulations. Therefore, whether gaseous or drop-laden flows, the gas composition has an impact on the turbulent characteristics of the flow. Thus, the indication is that discriminating measurements between SC and MC flows, which are so far unavailable, could initially focus on dissipation aspects. The difference in small-scale behavior between MC and SC cases at otherwise similar flow initial conditions suggests that SGS models in LES may have different importance in portraying the flow; this is a subject for further investigation.
To summarize, transitional MC flows display significant distinctive features from transitional SC flows having the same initial conditions. Not only are there strong vapor and ͑if applicable͒ liquid composition nonuniformities in the layer, but also the turbulent character of the flow is different. The conclusion is that neither experiments nor theory conducted with SC flows are good surrogates for a MC flow application. As in pretransitional simulations, composition effects are amplified with increasing carrier gas temperature, but here additionally the initial carrier gas temperature has a significant impact on the highest local magnitude of the vorticity. Whereas in pretransitional MC TP flows the regions of high-molar-mass vapor species entirely coincided with those of high vapor-PDF standard deviation, this is no longer the case.
The next stage of this study will be devoted to a priori and a posteriori investigations, so as to reduce the large computational time of DNS and replace DNS with computationally efficient large eddy simulations, akin to the studies of Leboissetier et al. 41 Currently, there are no data available for MC model validation. The diagnostics for producing experimental data for model validation are still in their infancy. 42 The present investigation highlighted the experimental measurements that would be necessary for meaningful comparisons with simulations. Such data should preferably contain all, or at least some, of the following quantities: drops size and composition, vapor composition and drop field visualizations at different initial gas temperatures, Reynolds numbers, and mass loadings.
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APPENDIX: CALCULATION OF THE HEAT FLUX PORTION DUE TO TRANSPORT OF MOLAR FLUXES
Details of the heat flux in Eq. ͑7͒ are as follows: 
